The first far infrared intermolecular vibration;rotation spectrum of a ternary van der Waals cluster has been measured near 39.5 cm -' and assigned to an u-type X bending vibration of Ar,HCl. Spectra-of both chlorine isotopes were observed and nuclear quadrupole hyperfine structure was resolved. Values of the fitted constants (rotational constants, hyperfine projections) evidence large amplitude out-of-plane motion, and demonstrate the sensitivity of spectroscopic observables to the three body forces operative in the Ar,HCl system. Spectroscopic predictions calculated by Hutson et al. from pairwise-additive and "three-body" corrected potential energy surfaces [J. Chem. Phys. 90, 1337 ( 1989 ] are compared to experimental results.
INTRODUCTION
The subject of many-body effects in intermolecular forces is becoming an increasingly prominent one, as numerous investigators turn to exploration of the detailed behavior of condensed matter with both theory and experiment. While the nature of three-body and higher order corrections to the well-known isotropic pair potentials of rare gases has received considerable attention, substantial ambiguities remain to be resolved even for these relatively simple systems. In particular, most treatments of nonpairwise additivity simply involve the incorporation of the Axilrod-Teller (AT) triple-dipole correction of the dispersion energy,' assuming a cancellation of higher order dispersion terms and neglecting many-body exchange contributions entirely. Recent ab initio calculations have shown, however, that many-body exchange and charge overlap effects are important, ' and that the agreement of calculations employing only the AT correction with experimental results is due to a "fortuitous compensation of errors."3 Studies of many-body effects on the crystal binding energies and third virial coefficients of rare gases also indicate the need for corrections beyond the AT term.J The principal reason for the current reign of speculation in this field is that the existing experimental data available are obtained exclusively from imprecise, classical experiments (transport properties, etc.). Many-body interactions in systems exhibiting anisotropic forces are even more poorly understood, due to a similar lack of high quality experimental data.
High resolution infrared ( IR)5 and far infrared (FIR) laser spectroscopies have recently been shown to be extremely sensitive probes of intermolecular forces and associated intramolecular dynamics. In particular, precise FIR spectroscopic measurements of the van der Waals stretching and bending vibrations [referred to as vibration-rotation-tunneling (VRT) spectra] in the ArHCl complex have been used to determine an accurate and detailed anisotropic potential energy surface for this system.&" Similarly, recent tunable FIR measurements of VRT spectra of ArH2G have been fit directly to an accurate three-dimensional potential energy -surface using modern many-body dynamics theory. i2 It seems logical, therefore, to extend the application of this method to the study of three-body forces by measuring FIR-VRT spectra of ternary complexes, such as Ar,HCl and Ar,H,G.
Recently, Gutowsky and co-workers investigated the Ar,HF (m = 1-4)13-16 and Ar, HCI (m = 1-3)17,18 systems with Fourier transform (FT) microwave spectroscopy, providing detailed information on the ground states of these larger van der Waals clusters. Hutson ef aZ. I9 calculated pairwise additive and "adjusted" (adjusted empirically to account for nonadditive effects in the ground state) potential energy surfaces for Ar2HCl in an effort to determine whether high resolution spectroscopy could, in principle, characterize the nature of three-body forces. Ar2HC1 was chosen as the ideal system for study because both the Ar-Ar and Ar-HCl pair potentials are very accurately known, thus potentially allowing the quantification of deviations from the pairwise-additive potential. Although they found that the microwave data were relatively insensitive to the nonadditive forces-because the ground state wave functions probe only a small region of the potential near the van der Waals minimum-Hutson et al. noted the considerable sensitivity of the frequencies and properties of the van der Waals vibrationalmodes to the three-body corrections employed. I9
In this context, we report the first far infrared vibrationrotation spectrum of a van der Waals trimer, viz. Ar,HCl. We have measured and assigned more than two hundred vibration-rotation transitions, including the resolution of nuclear quadrupole hyperfine structure. Transitions arising from both Ar,HJS Cl and Ar,Es7 Cl were observed.
EXPERIMENTAL
The spectrum of Ar,HCI was observed with a recently constructed tunable far infrared laser spectrometer, which is essentially identical to the existing Berkeley spectrometer already described in the literature.'0~20 Consequently, only those details relevant to this particular study will be presented here. The fixed frequency FIR radiation is provided by the 1193.7273 GHz CH,OH laser line. The tunable radiation is detected by an InSb hot electron bolometer configured in the "Putley mode," with a fixed magnetic field of 5 kG employed to achieve maximum responsivity at -40 cm-'. Atmospheric water absorptions in the scanning region require that the entire beam path be purged with dry nitrogen. The laser beam is passed in front of the planar jet ten times with a multipass cell. The multipass cell system, based on the design of Perry and co-workers," provides a fivefold improvement in sensitivity when used in the configuration described by Schmuttenmaer et aI.=
The clusters were generated by continuously expanding a mass flow-controlled (MKS Instruments) mixture of HCl (Matheson, technical grade) and argon through a 10 cm x 25 pm planar supersonic jet into a chamber pumped by a 2800 cfm Roots blower (Edwards). The production of Ar,HCl was found to be quite sensitive to the HCl/Ar ratio and to the total chamber pressure. Maximum signal strength was realized with a 0.5% HCl/Ar mixture and a total chamber pressure of -300 mTorr. This compares to an optimum mix of 1.0% for ArHCl and > 5.0% for (HCl), under similar conditions. It was possible to completely suppress the Ar,HCl signal by increasing the HCI concentration. In addition, cooling the jet with a dry ice/methanol bath ( .-78.5 "C) resulted in a twofold increase in signal, presumably due to additional clustering. This effect was not observed for the ArHCl and (HCl), systems. The best spectra of Ar,HCl exhibited signal-to-noise ratios near 30: 1.
RESULTS AND ANALYSIS
The search for Ar,HCl was guided by the predictions of Hutson, et al." (all van der Waals modes were predicted to be within the range 35-45 cm -' ). An extremely dense spectrum was observed immediately upon scanning with the 25 1 pm CH,OH laser line. The spectrum exhibited the gross features characteristic of P, Q, and R branches, and also revealed hyperfme splittings consistent with existence of one chlorine nucleus within the absorbing molecule.
Rotational assignment
The particular selection rules for Ar,HCl are dictated by the existence of two identical nuclei (@'At-) within the molecule. Because 4o Ar (I = 0) is a boson, the total wave function for the complex must be symmetric with respect to rotation about the C,, axis. This, in turn, requires the K, quantum number to be even in the ground state, effectively halving the number of allowed asymmetric rotor transitions.
The rotational structure was assigned with the aid of ground state combination differences from the FT-microwave measurements of Klots et al. " No two transitions corresponding to combination differences were observed for the chlorine-37 isotope, but the relative. intensities (35 Cl/37 C1:3/1) and spectral splittings ( J5 CV3' C1:5/4) of the hyperfine components facilitated the assignment. In all, 168 intermolecular vibration-rotation transitions were as- signed to Ar,H35C1 and 66 transitions were assigned to Ar,H"' Cl (Table I and Fig. 2 ). The observed intermolecular vibrational band was found to be of u-type symmetry with the following selection rule: eetteo (where even and odd refer to the parity of the K,, K, quantum numbers). This assignment was confirmed by the presence of all lines in the Kp = 0~0 subband as evident in Fig. 3 , whereas b-or c-type transitions would be characterized by a missing P( 1) or R (0) line. The observed Q branches and the general congestion of the spectrum are due to the existence of several Kp = n +n (II = 2,4,6,8,10) subbands. In addition, several weakly allowed transitions of the type K,, = n c n + 2 or n -2 were also observed.
The far infrared data were simultaneously fit with the ground state microwave data of Klots et al." to a Watson Sreduced Hamiltonian. The results of the fit are contained in Table II . Most of the lines observed were doublets (due to nuclear quadrupole interactions), and the line centers used for the rotational fit were calculated by simply averaging the two lines of each doublet. Rotational constants and all five quartic centrifugal distortion constants were determined for both the lower and upper vibrational states of both isotopes. Sextic distortion constants (H, and HK ) were needed to accurately fit the upper state of Ar,H3'C1.
Vibrational assignment
Through consideration of the dynamics of Ar,HCl, it is found that there are two possible intermolecular vibrational transitions of a-type symmetry: the van der Waals stretch and the motion that correlates in the HCl hindered-rotor picture to a Z bending vibration 0' = 1 mj = 0). Hutson et aLI9 refer to this motion in normal coordinate language as the parallel bend. Based on the fact that the B and C rotational constants are larger in the upper state, we dismiss the van der Waals stretch as a possible assignment for the observed band. We therefore assign the band observed at 39.55 cm-' to the parallel bend. Analysis of the parameters extracted from this spectrum confirm this assignment, as presented inthe discussion, The nuclear quadrupole coupliig co&ants were determined in a separate least-squaies fit. The.line-centers used for the fit were determined from the cotistants bbtained in the rotational analysis. Otily a.=small number of hyperfine multiplets were used ih the fit,'& the hyperflne structure collapses to a doublet for J> 4. The matrix elements24' for the nuclear quadrupole Hamiltonian were calculated in a space-fixed coupled basis set ,IJ K IF > (F = I + .I; I = 3/2 for both 35 Cl and 37 Cl). Because A#Cl possksses C,, symmetry, only term's of the form'eqQii-(i ='a&) are n&van-ishing. Only first order terms (matrix elements diagonal'iti J) were used, as this level of calculations was entirely satisfactory for fitting the ground state hyperline constants. Although the long-term drift of the FIR laser is about 1. MHz, as evidenced by a standard deviation of I;3 MHz in the rota- tional fit, the short term drift is less than 100 kHz. We weighted the hyperfine transitions accordingly, fixed the ground state hyperfine parameters at the microwave values obtained by Klots et al," and fitted the upper state nuclear quadrupole coupling constants (Table III) . 
DISCUSSION
The orientation of the HCI monomer within the vibrationally excited complex is an important property to characterize, as it reveals the nature of the vibrational motion. The existence of a secondary minimum for ArHCl at the ArClH geometry was conclusively established by the spectroscopic measurements of Robinson et aZ.7-9 and the resulting potential energy surface calculated by Hutson." The potential energy surface calculated by Hutson et al. " for Ar2HC1 also indicates the existence of a double minimum, with the secondary minimum (Ar,ClH) located 60 cm -' above the absolute minimum. Since both isotopes of AqHCl were measured in this work, an inertial analysis of the complex in the vibrationally excited state could be performed using the procedure given by Klots et al. " in their analysis of the ground state. The inertial defect is found to be large and negative (A = -13.36 amu A2 for the excited vibrational state and 3.9682 amu A" for the ground state of Ar,H35 Cl), indicating that the vibrational amplitude is very large, and that there is significant out-of-plane motion. Using the planar moments
and with PB and PC defined by cyclic permutation, and neglecting torsional oscillations, the following relation is obtained:
p.4 =,UR2+hlc1, (2) where p is the reduced mass of the complex, and R is the distance between the Ar? and HCl centers of mass. In the ground state, R is 3.4969( 1) and 3.4975 ( 1) w for Ar,H'* Cl and Ar,H3' Cl, respectively. Since the center of mass separation is smaller for the 35 Cl isotope, the HCl monomer must be oriented'with the hydrogen atom pointing toward the two argon atoms in this state. However, in the upper state, R is 3.3915(4) and 3.3882(4) li for Ar,H35Cl and Ar2H3'Cl, respectively. This calculation not only indicates that the HCl monomer is closer to the argon atoms in the vibrationally excited state, but it also reveals that the HCl monomer is now oriented with the hydrogen atom pointing away from the two argon atoms, as in the B bending state of ArHCl. This confirms the assignment of the observed vibration-rotation band to the parallel bend. The nuclear quadrupole coupling constants can provide information pertaining to the vibrational dynamics of the complex. Using the relations (?sQ&?O = eqQ,,c, Pz(cos 0) >, e/Q,, -eqQ, = W2)eqQ,, (A(t%$)),
( 4) where A (19,$> = sin' 8 cos 24 and eqQ,,, is the quadrupole coupling constant of the uncomplexed monomer, one can obtain additional information about the angular orientation of HCl monomer within the complex. Figure 1 depicts the axis system used to describe the dynamics of Ar,HCl in this study. The deviation of (P2(cos 8) ) from unity is a measure of the bending amplitude of the HCl monomer, while the deviation of (A (0,#) ) f rom zero characterizes the anisotropy of the torsional motion of the HCl monomer. Table IV contains the expectation values for Ar,HCl as well as similar results for the Z bending vibration of ArHCl. It is seen that Ar,HCl exhibits a larger bending amplitude than ArHCl in their respective excited vibrational states. The torsional motion of the HCl monomer in Ar?HCl seems to be largely unhindered.
Some insight into the nature of the three-body forces operating in Ar,HCl can be gained by comparing the properties of the excited C bending state calculated by Hutson et al. with those extracted in the present study. However, Hutson has noted that the severe dynamical constraints imposed in their model require that such comparisons be made with considerable caution."' Within their somewhat limited model, Hutson et al. found that the pairwise-additive potential predicts an HCl bending motion which is too isotropic and which is too small in amplitude to account for the experimental results for (P2(cos ~9)) and (A(&&) in the ground state of the complex. Moreover, the pair potential yielded B and C rotational constants which were considerably larger than the experimental values, implying the existence of a repulsive three-body contribution to the intermolecular potential.
The addition of a three-body dipole-dipole induction term was attempted to correct for the angular dependent discrepancies. The incorporation of this term produced changes in the angular expectation values, which brought them in closer agreement with their experimental values. However, the magnitudes of these changes induced by threebody induction term were much too small. By multiplying this term by an empirical factor of 25, good agreement with experiment was obtained. This adjustment produced only a small effect on the rotational constants. The term included to correct the rotational constants for three-body effects was not of any physically relevant form. The overall repulsive three-body form used by Hutson et al. empirically represents the net isotropic contribution of the three-body exchange and dispersion forces. The AT term is expected to contribute repulsively to the total potential, given the triangular geometry of Ar,HCl,' while ab initio theory predicts that the three-body exchange contribution is attractive.2 The incorporation of this empirical factor brought the rotational constants into agreement with experiment. Satisfactory agreement among all calculated and measured properties for the Ar,HCl ground state was achieved by incorporating both of these corrections to the pairwiseadditive potential. With this "adjusted" potential, Hutson et al. predicted the spectroscopic properties of four intermolecular vibrational modes of the complex, and compared these predictions with calculations performed with the pairwiseadditive potential. From the calculations described above (Table VI in Ref. 19) , it may be noted that the parallel bend and the in-plane bend are most strongly affected by the differences in the pairwise-additive and the adjusted potentials.
In Table V we compare our results with the predictions for the parallel bend. The vibrational frequency increases by 3.0 cm -' in going from the pairwise-additive potential to the adjusted potential, whereas the observed frequency is actually 3.1 cm -' lower than the pairwise-additive result. Similarly the experimental values for C and (P,(cos 69) in the vibrationally excited state agree better with the predictions from the pairwise-additive potential, while B and (A( 19,+) > agree well with the adjusted potential calculations. It thus appears that the three-body induction term required to produce agreement with the ground state me&-surements is indeed much too large, as Hutson et al. have already suggested. l9 The effects of this term on the ground state are principally to slightly reduce ( -7%) the magnitude of ( P2 (cos 19) ) , while increasing that of (A (t9,#) ) by 50%. In the excited parallel bending state, the effect on (PZ(cos 0)) is much larger (41%), while that on (A(&+)) is about the same. Hence, the size of this correction required to force agreement with experiment for the ground state overcorrects for the excited bending state, implying that this form of the correction is inadequate. Higher order induction terms may be important, but the inclusion of analytical expressions for the exchange and dispersion three-body contributions is more likely to produce an accurate total intermolecular potential,
